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WHERE WE GO WITH A LITTLE GOOD INFORMATION
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Abstract—When observers move through an environment, they
immersed in a sea of motions that guide their further movements
horizontal relative motions of all possible pairs of stationary objeg
fall into three classes: They converge, diverge and slow dowr
diverge with increasing velocity. Conjoined with ordinal depth inf
mation, the first two motions reveal nominal invariants, constrain
heading to one side of the visual field. When two object pairs
invariants on opposing sides of the heading, they can constrain |
ments to a narrow region. Distributional analyses of responses i
experiment involving simulated observer movement suggest
observers follow these constraints.

When people walk, run, or drive through the world, how do t
know where they are going? How do they know their heading so
can safely avoid obstacles in their path? Over the past 50 years

n @re because about 90% of pedestrian gazes fall within this b

avbeen the observer is moving along a curved path. Figure 1 s
. Trese three classes of motion with respect to an object to the ri
ctye’s path. Two important rules about heading, also shown in

Figure
, Iorthen follow. First, when objects converge, one’s instantaneous head-
oiing is always outside of the nearest member of the pair, in this c3

irthe left. This rule has no exceptions. Second, when objects dece
ielolart, the same is true. This rule is qualified in that both objects
uthg-within 45° of one’s heading, but this condition is not overly res

tvagner, Baird, & Barbaresi, 1981). These two rules are op
invariants, or statistically certain sources of information (Gibg
1979).

There is also a third relative-motion class. When a pair of ob
'@celerate apart, one’s heading is unsure. To compute the effica
tI3&*?§(:elerating divergence as it predicts one’s heading, we assume
 BYedestrian’s gaze is within £90° of the heading on a reference ¢

ticularly because of the work of Gibson (1950, 1979), these ques
have received sustained attention. Over the past 25 years, adva

neurophysiology have revealed cells in the visual systems of monk

pigeons, and cats that respond to relative motion pooled over
regions of the visual field (Allman, Miezin, & McGuinness, 19
Bradley, Maxwell, Andersen, Banks, & Shenoy, 1996; Bridge

1972; Frost & Nakayama, 1983; Pasternak, Albano, & Harvitt, 199@)
Thus, many researchers have sought computational and psychoplpys

QAL0 m, near the median distance for pedestrian fixation (Wagr
C&F,M981), and that the second object under consideration is betw
@Rl 100 m and within +20° to either side of the first. We then sam
W@sze—heading angles at 1° intervals between +90°, computed the
Siive areas of the three region types shown in Figure 1, and then w
@Bd angular gaze-heading calculations by their naturally occu
equency (Wagner et al., 1981). The resulting values are shown
tom of Figure 1. (If the ratio of depths is known, further refi

cal evidence that human beings might negotiate environments an i s can be made.) Thus, this motion class yields an optical h
basis of such cells (Hildreth, 1992; Nakayama & Loomis, 197¢t¢ 4 probabilistic information source (Gilden & Proffitt, 198
Rieger & Lawton, 1985; Warren & Saunders, 1995). The suppoitiggggesting that heading is most often to the outside of the fg
evidence is substantial, provided that test environments contain 8Bject in the pair.
elements. Motion pooling fails, however, when simulated navig
occurs through relatively sparse environments (Cutting, 1996). In syghtion predicts one's absolute heading, or the exact direction in y
environments, however, considerable accuracy is achieved by hUa8 is moving. In particular, the two invariants nominally const
observers from the relative motions of a few pairs of stationashe's heading direction; they specify that it is left or right of a pa

objects. Our data suggest that this accuracy is based on multipl
straints derived from relative motions of these object pairs. Acc
heading judgments in natural environments can also be accomp
in this way.

Mathematically, the motions of stationary objects around a mo

observer can be parsed in several ways (see Cutting, 1986; CUtlipgh sides of one’s heading constrain judgments to a narrow reg
Springer, Braren, & Johnson, 1992; Koenderink & van Doorn, 1975

Longuet-Higgins & Prazdny, 1980; Regan & Beverley, 1982). Herg
develop a new approach, considering the relative motions of pa
stationary objects with respect to the eye of the moving observer

horizontal motion of all possible pairs falls into three classes: Object We simulated observer movement through minimal, but mode

pairs can converge, they can diverge and slow down, or they
diverge with increasing velocity (Cutting, 1996). In the forward vi
al field, convergence is always acceleratory, except in certain
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&Pk object, but not by how much. Yet there is ample evidence
_r%‘Sservers can report their absolute headings with reasonable ac
'SdF@tﬂ/den, Banks, & Crowell, 1992; van den Berg & Brenner, 19
‘Warren & Hannon, 1988). How might nominal invariants yield ac
Vilgke, near-metric heading judgments? Our answer is that invariar

we
rs of
METHOD
. The
tamaturalistic, environments with only two, three, four, and se
sischematic trees. Sample final frames are shown in Figure 2, colu
agéth two trees, heading may fall into one of three categories—
between, and right—Ilabeled 1, 2, and 3 in Figure 2, column b. We
generalize that the number of tre@é§ €reatesN + 1 heading cate
Liiries. These columns in the figure also show the mean separ
between adjacent pairs of trees in the experiment. We generated
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Fig. 1. Plan vievs of a pedestin on a linear (a) and a cirar (b) pgh
and the nominalules br heading judgments (c). In (a) and (h)
pedestian is looking of his or her pth & a paticular reference object,

one potential member of an object p&iny second object in the

region maked “converging” will move tovard tha reference object;
ary second object in theegion maked “diverging and deceleting”
will move avay from the eference objecttza deceasing elocity; and
ary second object in thesgion maked “diverging and acceleting”
will move avay from the eference object with ineasing elocity.
Different placements of theference object will alter the yaut of
these egions, but the p&tems will generlly remain. Of the thee ules
(c) tha emege from the considetion of sud object pais, two ae
invariant ules tha aways specify thaheading is to the outside of th
near member of the object paind one is a heistic rule tha sugyests
tha heading is most often to the outside of #werhember of the pai

corvergence or dierging decelegtion in & least one pair of ées,and
those with headingategorically specifed by pairs of invarants to
either side of the headin@ur anaJsis dgpends on obseers’ ability

to discen the odinal deth of trees in the displa The sinulated dis

tance of edt tree fom the obsefer was gven ty relaive siz and
height in the visualiéld, both paverful souces of odinal deoth infor-

mation (Cutting &Vishton,1995).

Motion sequences ewe ¢eneated d 17 frames/s on a Silicon distancesAcross all trals with heading nominall or caegorically

Graphics lis Workstaion (Model 4D/35GT),but frame etes ae
known to hae little efect on heading judgments in these diars

(Vishton & Cutting 1995).Viewers s& 0.5 m fom the monitaryield-
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ing 40°-wide displgs & a resolution of Aout 30 piels/°. Sequence
simulated 4 s of obseer maement &81.25 ge heights/swhile fixat-
ing on a tee @ midsceen vihose initial distance as 14.7 ge heights.
Simulated pusuit-fixation sequencesewe used to test the adequad
visual information to the heading-judgment task withoeélbak from
eye moements. Sequences withaythreg and bur trees vere gener
ated along a linear pia; those with seen tiees vere geneeted along |
circular pah (radius = 150 ge heights). bal gaz-heading angle
were 3.1° and 6.2°dr linear p¢hs and 2.3° and 5.60if circular pahs.

Ten nave obsevers viewed 6 to 12 pactice trals with nominal
feedbak, then 192 lineapah sequences withoueédbak: 8 differ-
ent motions piems (genearlly 6 with cowergence deceleating
divergence or both and 2 with acceldting divergence in all pas) x3
different umbes of trees (tvo, threg and bur) x2 gaze-heading
angles X heading diections (left andight) x 2 replications.Among
the two-tree sequence®4 were unconstined and 40 conséined
responses to Heading @©gory 1 (see k. 2, column b).Among the
three-tee sequence$p were unconstined 16 constained esponses
to Heading Caegory 1, and 32 consained esponses to Heading €4
egories 1 and 2Among the burtree sequenced,6 were uncon
strained 8 constained esponses to Heading tegory 1, 24
constained them to Heading @gories 1 and 212 constained them
to Heading Ceegories 1 though 3,and 4 constined them to Head
ing Céaegory 3 only. The same obseers then vieved 56 cicularpah
sequences with gen tees: 7 motion confjurations x2 heading
directions x2 pahs (cuwing left or ight) x 2 replications. None of the
sequences &re unconstiined; 8 and 32 consined esponses td
Heading Ctegories 1 though 4 and 1 tlough 3,respectiely; and 16
constained them to Heading @gory 3 only.

At the end of edt trial, motion ceased and then&l frame
remained on the seen. Obsefers mosed the mouse-comtiied sceen
cursor to their pageived heading tathe hoizon and ticked a mouseg
button, which stated the ngt trial.

RESULTS

At simulated \elocities used hey heading judgments should
within £3.7° of the instantaneous heading (Cutting etl@92;Vish-
ton & Cutting 1995). Oerall, mean eror was 2.4°Absolute espons
es vere then drided into heading ¢egories. For illustrative puposes,
half of the stinuli and their esponses ®re flipped apund aray mid-
lines to shw true heading afays to the left When heading @as
unspeciied, responses are genenlly distibuted aound the midle

ecategories, as shwn in Fgure 2, column ¢ Responses &ve never
greder than 50% in ancaegory, and mean eor was 4.1°. Hwever,
when heading s nominaly specifed, responses are almost alays
placed in the dagory next to the &clusion boundar (82%),as shan
in Figure 2, column d; mean eor was 2.2°. Most impdant, some
four and seen-tiee sequences@uded all lut one heading tegory,
and judgments &are extremel accugte (81%),as shan in Fgure 2,
column e; mean eor was 0.8°. Notice the $king increase in hsolute
accurngy with increasing conséints,F(2,18) = 41.1p < .0001. Dak
regions in the gaphs indicée those cagories for which heading is
excluded ly the nominal imariants or ly the heuistic gven knavn

specifed, 65% of all possile response dagories were excluded ty
the nominal imarants or ly the heuistic, yet only 16% of all

D

0]

responses occrgd within these dagories.
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Fig. 2. Stimuli andresultsof the expeliment. For stimuli with two throughfour trees pahswere always linear; for thosewith seventrees the
pah wasalways circular Columna shawvs samplefinal framesfrom the various stimuli. Columnb shows the meanseparations betweenthe
treesin the various stimuli, the numbeing of the headingcaegories from left to right, andthe nominalandcaegorical constaintson the var
ious typesof trials. Columnc shaws the resultsfor thosetrials with headingunspeciied (i.e., with all tree pairs diverging and accelesating).
Arrows indicae categories with true headingswithin them.Columnd shaws the resultsfor thosetrials with headingnominally specifed; cat-
egorical resultsare alignedto the exclusion bounday, the neartree of the invariant pair in eat stimulus. Columne shaws the resultsfor tri-
als with two invariants of oppositesign, and thus having headingcategorically specifed. Dark regions indicae those caegories where
responseshouldnot occuraccoding to the invariant rules.Resultsand constaintsare showvn asif the correctheadingwere always to the left
of midsceen.
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Wheat is the gidence thaobsevers’ responseseflect caegorical
rather than bsolute heading iefmaion? Computional measwas
that pool motions to estima asolute heading do noare well with
these stimli. One adls eab motion \ector in the visuali€¢ld (Waren
& Saundes, 1995), and another sques \ectos bebre summéon
(Rieger & Lawton,1985).When either isgplied to motions in a mer
cluttered ewironment,a difference ‘ector flom these sumsegeaslly
points to the headingnd its mgnitude @neally indicaes hev far
the obserer is fom the meing objects (Cutting1996). In the ela
tively unduttered ewironments tested in thegsent stugl however,
neither of these last tvmeasues corelated with obserers’ absolute
responsesr§ < .14,ps > .17),and neither mdicted heading déction
from the center of the displdrs < .06,ps > .38).

If obsewers’ heading judgments fia only caegorical guidance
cettain distibutional darmcterstics should dllow. Frst, consider
selected da from the tvo- through burtree sequenceshowvn in
columns ¢ and d ofigure 2. One wuld expect eah viewer's absolute
responses toials with unspeciéd headings to ve moe variance
and less siw than those to i@ls with nominaly specifed headings.
This expectdion was conirmed:Mean standar deviations were 3.2°
and 2.6° respectiely, F(1, 9) = 8.3,p < .02,and mean dws were
0.42° and 0.90%espectiely, F(1, 9) = 6.0,p < .04. Secondconsider
the daa from selected dur and seen-tee sequenceshovn in
columns d and e ofiffure 2. One wuld epect esponse atiance and
skews for trials with nhominaly specifed headings to bergaer than
those or trials with caegorically specifed headingsThis patem, too,
occured: Mean standat deviations were 2.5° and 1.4%(1,9) = 5.5,
p <.04,and mean sws were 1.22° and 0.15%(1,9) = 5.37p < .05.
In addlition, consider all tials with heading nominall specifed.
Although judgmentslosteled near the>elusion bounday, that cae-
gory did not alvays contain the tre headingWhen this dissoctén
occured, responses are moe frequent in the boundarcaegory
(73%) than in its neighbor with theur heading (10%}(10) = 10.3,
p < .0001.Thus, heading judgmentspaear to be distiuted acoss
categories accading to the boundsigen by the nominal imarants.
No pooling sbeme seems lddy to be dle to pedict sub patems.

DISCUSSION

Three questions nyaalise dout our analsis and hw it relaes to
other g@proades to pereption. Frst, given tha acceleations and
deceleations ae not paticularly easy to pareie, can thg seve as a
basis 6r heading judgments? Our ares is twofold. On the one hand
corvergence vas the mag potent imariant in these da. Mean eawor
for stimuli with only cornvergence vas 2.0°,wheras thafor stimuli
with only diverging decelegtion was 2.7°F(1,9) = 6.7,p < .03. On
the other handosydoplysical eidence shars thd decelegtions ae
easier to detect than acceléns,and wer a 1-s péod, it is relative-
ly easy to pereive a dop in \elocity to 42% of the initial aue
(Schmeter, 1976). On thoseitls in which deceleation was the onf
information available to constain headingthe median &locity diop
was to 39% wer the last second of thealr Thus,the decelations
geneeted in the pesent stugl were geneglly perceptible.

Secondlin light of our esultswha should one conede from pre-

vious neuophysiological findings on pooled motions? In all $u¢

studies thusdr, fields of maing dots hee been usedThese a&
known to yield occasionall different esults than stindi with more
nauralistic layout (Cutting Vishton, Fliickiger, Baumbeger, &

Gemdt, 1997;Vishton & Cutting 1995).The eason mg be tha it is
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difficult to pay atention to single elements in daglfl displgs. In our
displays, however, trees can easilseve as bci of dtention. Because
it is known tha attention damdically moduldes the esponses of cer
tical cells (eg., Motter, 1993),we sugest tha attention,when it can,
would also moduli@ the esponses of cellsvnlved in heading judg
ments.The cells identikd in pevious eseach ae still possite can
didates Dr the egistration of the inbrmation identiied hee.

Third, how do theseesults it into the Bbric of pelception in gen
eral, and ecolgical reseath in paticular? On the one hanthey do
not supparthe idea thelocomotion is guidedyba focus of &pansion
(or of radial outfow), Gibsons (1979) poposed imariant, nor do thg
suppot an anafsis in tems of a“melon-shped amily of cuwves”
(Gibson,1979,p. 227). Moeover, they do not ft within ary scheme
tha has gneally followed Gibson (&., Kim, Growney, & Turvey,
1996; Waren & Hannon,1988). On the other handhe nominal
invariants discussed herae no less a species ofvaiiant than an
other; thg simply measue the vorld in a diferent way. Gibson po-
claimed irvariants to be the basis of all jgeption (kut see Cutting
1993,for doubts hout their ubiquity). Ins@fr as thiseseach has elu
cidaed two new invarants, it is consistent with Gibsos’ecol@ical
approac to visual pereption. Insoér as it has elucided a helistic
that may also pove useful,it is also allied to otherpproaces,sut
as tha of Brunswik (1956).

CONCLUSION

Human obsefers can ma& highly accuete heading judgments o
the basis of a little@pd information. This information aises fom the
nominal irvaiants of comergence and decelaing divergence in
pairs of stéionary objects.When sub souces ae present on both
sides of ones headingaccuagy of judgments canrgaly exceed skt
uaional demands. Models of heading judgments based on the pd
of motions wer rlaively large regions of the visualiéld do not
account or these esults.
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